Discodermolide is a microtubule-stabilizing agent that induces accelerated cell senescence. A discodermolide-resistant cell line, AD32, was generated from the human lung cancer cell line A549. We hypothesize that the major resistance mechanism in these cells is escape from accelerated senescence. AD32 cells have decreased levels of 4E-BP1 mRNA and protein, relative to the parental discodermolide-sensitive A549 cells. Lentiviral-mediated re-expression of wild-type 4E-BP1 in AD32 cells increased the proliferation rate and reverted resistance to discodermolide via restoration of discodermolide-induced accelerated senescence. Consistent with this, cell growth and response to discodermolide was confirmed in vivo using tumor xenograft models. Furthermore, reintroduction of a nonphosphorylatable mutant (Thr-37/46 Ala) of 4E-BP1 was able to partially restore sensitivity and enhance proliferation in AD32 cells, suggesting that these effects are independent of phosphorylation by mTORC1. Microarray profiling of AD32-resistant cells versus sensitive A549 cells, and subsequent unbiased gene ontology analysis, identified molecular pathways and functional groupings of differentially expressed mRNAs implicated in overcoming discodermolide-induced senescence. The most statistically significant classes of differentially expressed genes included p53 signaling, G2/M checkpoint regulation, and genes involved in the role of BRCA1 in the DNA damage response. Consistent with this, p53 protein expression was up-regulated and had increased nuclear localization in AD32 cells relative to parental A549 cells. Furthermore, the stability of p53 was enhanced in AD32 cells. Our studies propose a role for 4E-BP1 as a regulator of discodermolide-induced accelerated senescence. drug resistance | senescence reversion | TOR signaling
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drug resistance | senescence reversion | TOR signaling M icrotubule-stabilizing agents bind to microtubules and abolish their dynamic behavior. The prototype for this class of chemotherapeutics is Taxol, an antitumor drug used extensively for the treatment of breast, ovarian, and lung carcinomas. The development of Taxol-resistant tumors in patients led to a search for new compounds with mechanisms of action similar to Taxol. One of the compounds identified, discodermolide (disco), which was isolated from the Carribbean sea sponge, Discodermia dissoluta, acts synergistically with Taxol, does not exhibit cross-resistance to Taxol-resistant cells, and is a potent inducer of accelerated senescence (1) (2) (3) . Disco was originally identified as an immunosuppressant and was compared with other drugs in this class of compounds such as rapamycin (4, 5) . Due to this characterization, we proceeded to investigate whether disco had an effect on mTORC1 (mammalian target of rapamycin complex 1) signaling.
"Accelerated cell senescence" (ACS), "premature senescence," and "senescence-like growth arrest" are all terms that characterize the phenotype of tumor cells that have become growth arrested in response to treatment with a variety of chemotherapeutic agents (6) . Many stimuli can trigger senescence, including telomere shortening (replicative senescence), oncogene activation, and DNA damage. The cellular program executing senescence is dependent on DNA damage checkpoints and mitogenic signaling networks including STAT1, RAS, and PI3K (7) (8) (9) . Senescence is considered a tumor-suppressive mechanism in many malignancies (10) , and the appreciation that many chemotherapeutic agents induce senescence has prompted a resurgence of interest in prosenescent anti-cancer therapies.
eIF4E, a translation initiation factor that recognizes the 7-methyl-guanosine cap structure, is overexpressed in many cancers and is known to induce cellular senescence (11) by regulating a specific subset of mRNAs involved in tumorigenesis. 4E-BPs (eIF4E-binding proteins) negatively regulate eIF4E and have been implicated in p53-mediated senescence (12). Here we describe a human tumor cell line, which has escaped ACS and has low 4E-BP1 expression. Upon reintroduction of 4E-BP1, these cells undergo ACS when challenged with disco. Our experiments support a role for 4E-BP1 as a regulator of ACS and provide evidence for reversal of chemotherapy-induced senescence.
Results
Isolation of a Discodermolide-Resistant Cell Line. The ability of disco to induce ACS was discerned when several attempts to develop disco-resistant cell lines from many different tumor cell types proved unsuccessful. One resistant cell line was obtained from A549 lung carcinoma cells after prolonged stepwise selection with the drug and is the focus of this study. This cell line, AD32, was derived from A549 cells and is the only disco-resistant cell line that has been reported. Unlike other cell lines that are resistant to microtubule-stabilizing drugs, AD32 cells do not display any of the classic mechanisms of resistance such as β-tubulin mutations or overexpression of the multidrug resistance efflux pump, P-glycoprotein. In effect, these cells are resistant to ACS, the result of disco treatment.
Discodermolide-Resistant Cells Have Reduced 4E-BP1 Expression.
Disco-resistant clones, cultured in increasing concentrations of drug, were isolated. The increase in disco resistance corresponded to decreasing levels of 4E-BP1 (Fig. 1A) . The AD32 cell line was selected for further study due to its ability to proliferate in the presence or absence of 32 nM disco, making it the most stable cell line available for use at the beginning of this study. The cells are approximately sevenfold resistant to disco (Table 1) and have threefold less 4E-BP1 protein than A549 cells (Fig. S1 ). A549 cells treated with disco for up to 1 h have no change in the expression or phosphorylation of 4E-BP1 (Fig. S2 A and B) .
Treatment of A549 with disco for up to 4 d, the time frame for development of an obviously senescent phenotype, did not alter levels of total 4E-BP1 (Fig. 1B) . These data suggest that reduced expression of 4E-BP1 is not due to the induction and maintenance of senescence, but rather to escape from ACS.
The 4E-BP protein family consists of 4E-BP1, 4E-BP2, and 4E-BP3 that act as translational repressors by binding to eIF4E and preventing its interaction with eIF4G. 4E-BP2 has high sequence similarity to 4E-BP1 (13); however, unlike 4E-BP1, levels of 4E-BP2 were not altered in the disco-resistant clones (Fig. S2C) . 4E-BP3 is highly divergent and not well characterized, with only 57% identity to 4E-BP1 (14) . 4E-BP1 is the most studied of the family members and a known substrate of mTORC1. Upon mTORC1 activation, 4E-BP1 is phosphorylated on Thr37 and Thr46, whereby it becomes primed for subsequent phosphorylation at Ser65 and Thr70 (15) . Hyperphosphorylation of 4E-BP1 causes it to dissociate from eIF4E and results in enhanced translation initiation of defined subsets of mRNA (16) . Conversely, mTORC1 inhibition by rapamycin leads to sequestration of eIF4E by 4E-BP1 and to decreased translation efficiency. Rapamycin treatment of A549 cells dephosphorylates 4E-BP1 as expected (Fig. 1A) , indicating that 4E-BP1 is functioning normally in the parental cell line. Conversely, acute treatment of A549 cells with disco does not dephosphorylate 4E-BP1 or the other mTORC1 substrates p70S6k and rpS6 ( Fig. S2 A, B , D, and E), suggesting that disco is not directly modulating the mTORC1 pathway. Furthermore, 4E-BP1 in AD32 cells binds eIF4E, as shown by m7GTP Sepharose affinity chromatography, and responds to rapamycin treatment normally by increasing association with eIF4E (Fig. 1C) . These data suggest that, despite reduced expression in AD32 cells, 4E-BP1 is still functional as a translational repressor. However, AD32 cells are resistant to rapamycin (Table S1) , and this may be related to the reduced level of eIF4E and 4E-BP1 in AD32 relative to A549 (Fig. S3 ) as suggested previously (17) . Recent observations indicate that rapamycin has equal activity in both 4E-BP doubleknockout and 4E-BP wild-type mouse embryonic fibroblasts (MEFs), demonstrating that 4E-BP expression does not predict response to rapamycin (18) . Alternatively, cross-resistance to rapamycin may be due to inherent differences in DNA repair between A549 and AD32 cells. In support of this observation is the finding that colorectal cells with defects in mismatch repair are hypersensitive to rapamycin (19) .
4E-BP1 is hyperphosphorylated by constitutive activation of the PI3K/AKT/mTOR pathway or MAPK pathway via its activation of mTORC1 (20) . Disco-induced senescence onset in A549 is associated with phosphorylation of AKT Thr308 at days 3 and 4 coupled with dephosphorylation of 4E-BP1 Ser65 (Fig.  1B) . This is likely due to the cessation of proliferation and increased cell survival signaling associated with senescence. Therefore, dephosphorylation of 4E-P1 at Ser65 indicates discoinduced ACS, although no changes were observed in total 4E-BP1 expression at days 3 and 4 when cells were senescent. Furthermore, increased phosphorylation of ERK Thr202/Tyr204 and MEK Ser217/221 was observed in senescent cells (Fig. 1B) , consistent with previous observations (1, 21) . Therefore, the data here support dissociation of PI3K/MAPK signaling from 4E-BP1 phosphorylation and expression during ACS.
AD32, which has escaped senescence, retains AKT Thr308, MEK Ser217/221, and ERK Thr202/Tyr204 phosphorylation (Fig. 1B) . However, total 4E-BP1 expression was drastically reduced in AD32 cells relative to their senescent A549 precursor, whereas Ser65 phosphorylation is unchanged. This suggests that changes in total 4E-BP1 expression, rather than 4E-BP1 Ser65 phosphorylation, facilitate escape from ACS.
Disco-resistant clones show an increase in mTORC1 phosphorylation at Ser2448, indicating activation of mTORC1 with an increasing level of resistance (Fig. 1A) . Importantly, phosphorylation at Ser65, relative to total 4E-BP1 expression, was unchanged ( Fig. 1A) , suggesting that the activity of 4E-BP1 is independent from mTORC1 in disco-resistant cell lines. From these experiments, we conclude that disco has a mechanism of action that is Phospho 4E-BP1 Ser65
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Phospho MEK 1/2 Ser217/221 distinct from rapamycin, and 4E-BP1's role in escaping senescence may be independent from its regulation by mTORC1.
4E-BP1 Overexpression in AD32 Cells Reverses Discodermolide
Resistance and Resensitizes Cells to ACS. To determine whether the expression of 4E-BP1 contributes to disco resistance, AD32 cells were infected with lentivirus expressing 4E-BP1 or empty vector (AD32 4E-BP1 and AD32 EV ) ( Fig. 2A) . Overexpression of 4E-BP1 restored sensitivity to disco in AD32 cells ( Table 1) , suggesting that the resistance to disco is mediated via 4E-BP1. A549 cells overexpressing 4E-BP1 (A549 ), unlike AD32, demonstrated no change in sensitivity to disco, suggesting that, although 4E-BP1 plays a critical role in disco resistance, it probably functions with other proteins as part of a regulatory circuit that has been perturbed in AD32 cells.
Overexpression of a 4E-BP1 nonphosphorylatable (Thr37/ 46Ala) mutant that prevents 4E-BP1 dissociation from eIF4E (15) partially restored sensitivity to disco (Table 1) , although the expression of total 4E-BP1 was ≈30% less than the level of overexpression achieved in AD32 4E-BP1 (Fig. S4 ). This difference in expression level may account for the inability to completely restore sensitivity to disco. Thus, these sites, which are considered to be primarily regulated by mTORC1 and are required for the ordered hierarchy of 4E-BP1 phosphorylation, are redundant in this system and do not appear to be involved in escape from senescence.
Primary fibroblasts that lack 4E-BP1 and 4E-BP2 but express wild-type p53 undergo premature senescence and display a decreased population doubling time (12) . Both A549 and AD32 cells express wild-type p53 and do not express p16INK4a. To determine whether increased expression of 4E-BP1 affects proliferation, the doubling time was determined. Overexpression of 4E-BP1 in both A549 and AD32 cells increased proliferation rates (Table 1) . Conversely, lentiviral transduction of A549 cells with an shRNA targeting 4E-BP1 had a reduced proliferation rate ( Table 1 ), suggesting that 4E-BP1 modulates proliferation and that the slower growth of AD32 cells is due, at least in part, to a reduced level of 4E-BP1 protein expression.
Although it has been previously observed that p53 −/− 4E-BP double-knockout MEFs proliferate more rapidly than wild-type MEFs under serum-starved conditions (18), 4E-BP1 overexpression in asynchronous A549 cells was found to increase proliferation (Table 1) . In breast cancer, 4E-BP1 is overexpressed (22) and may cause enhanced tumorigenicity, thereby supporting a role for 4E-BP1 in accelerating proliferation. It is plausible that, because several signaling pathways are proposed to converge on 4E-BPs, the outcome, in terms of proliferation, depends upon the nature of the stimulus and the functional status of upstream regulators, including p53.
Senescent cells have a large, flat appearance accompanied by increased cytoplasmic area and granularity and have β-galactosidase activity at pH 6 (23). AD32 cells had a higher basal level of senescence-associated β-galactosidase (SA-β-gal)-positive cells than A549-0.40% and 0.07%, respectively (Fig. 2B) . However, this change in basal senescence rate is not sufficient to compensate for the difference in doubling time observed between AD32 and A549 (Table 1). AD32 4E-BP1 cells, when challenged with 32 nM disco, had 95.7% SA-β-gal-positive cells (Fig. 2B) , demonstrating that re-expression of 4E-BP1 in AD32 restores sensitivity to ACS in these cells and indicates that 4E-BP1 has a role in regulating senescence.
4E-BP1 Modulates Tumor Growth Rate in a Tumor Xenograft Model.
To determine if ectopic expression of 4E-BP1 in AD32 cells would reverse the proliferation rate and resistance to disco in vivo, the cells were grown as xenografts in nude mice. Tumor growth rates were determined by measuring the percentage of change in tumor volume compared with initial tumor volume. AD32 tumors grew slower than either A549 or AD32 , even though the mice were injected with twice as many cells. The growth of AD32 4E-BP1 tumors closely paralleled that of A549 cells (Fig. 3A) . The fold decrease in tumor volume at day 25, relative to vehicle-only controls, indicated that AD32 4E-BP1 and A549 tumors decreased by 2.5-and 2.0-fold, whereas AD32 tumors decreased by 1.6-fold. Thus, the greatest response to drug treatment was observed in tumor models with higher levels of 4E-BP1 that proliferate more rapidly. Furthermore, immunohistochemical analysis of xenograft tumors using the proliferation marker K i -67 indicated that AD32 4E-BP1 and A549 xenografts had a greater number of positive cells compared with AD32 tumors (Fig. 3B) . Although AD32 cells are resistant to disco, they are sensitive to higher concentrations of drug, which rationalizes their response in vivo where high doses were used. 29.6 ± 0.4 117.9 ± 7.6 6.6
Cytotoxicity was determined by sulforhodamine B assay, and values are IC 50 (±SEM). Proliferation rate was determined by population doublings, and values are in hours (±SEM). Fold resistance was calculated relative to A549 cells. These data validate our in vitro findings and provide strong evidence in support of a role for 4E-BP1 in modulating proliferation and sensitivity to disco-induced ACS.
Identifying Molecular Pathways Involved in Discodermolide-Induced
Senescence. To determine which genes may be involved in the reversion and escape of disco-induced ACS, we performed gene expression profiling of AD32, A549, and AD32 4E-BP1 . Two comparisons were made: (i) AD32 versus AD32 4E-BP1 to identify 4E-BP1 regulatory genes involved in escaping ACS and (ii) AD32 versus A549 to identify genes involved in ACS reversion. Subsequent unbiased gene ontology analysis of all transcripts was performed using Ingenuity Pathways Analysis (IPA) (Ingenuity Systems) for all comparisons with greater or less than a 1.5-log 2 ratio change. IPA identifies the molecular networks and canonical signaling pathways that are most significantly perturbed in a filtered dataset. This analysis confirmed that genes regulated during ACS reversion and ACS escape were enriched for functions in cell proliferation, DNA damage response, and p53 signaling (Fig. 4A) .
A set of 39 genes from these classes was used to generate a heat map, using senescent A549 as a common reference, because the precursor cells from which AD32 was derived were senescent cells (Fig. 4B ). This gene set was highly enriched for p53-inducible transcripts, highlighting the importance of this pathway in the reversion of ACS. A subset of the 39 genes identified was validated by quantitative RT-PCR (Table S2) . A similar analysis using A549 cells as a reference identified many of the same genes (Fig. S5 ). Although not a major pathway implicated in our analysis, but still statistically significant, the acute phase response or inflammation response was identified in a comparison between AD32 cells and senescent A549 cells. This class of genes included those involved in extracellular matrix remodeling such as fibronectin, serpinA3, and peptidases (Table  S3 ). These specific genes have not been previously identified as being involved in ACS; however, this pattern of gene expression is consistent with previous studies that document the role of the DNA damage response in initiating an inflammatory response associated with senescence (8, 24) . Thus, genome-wide analyses strongly indicates a significant role for the DNA damage response in disco-induced ACS, reversion, and escape.
4E-BP1
Modulates the Expression and Stability of p53. To probe the relationship between p53 and 4E-BP1 further, we determined the expression of both in disco-resistant clones and found an inverse relationship (Fig. 5A) . Basal levels of p53 protein in AD32 were significantly increased compared with A549 cells, with increased nuclear staining of p53 in AD32 cells by immunofluorescence (Fig. 5B) . Conversely, AD32 4E-BP1 cells had decreased levels of p53 protein, indicating that p53 levels may be decreased by overexpression of 4E-BP1 in AD32 cells (Fig. 5C) . Levels of p53 decreased with overexpression of 4E-BP1, as did levels of p21, which regulates senescence onset, as well as human MDM2 (HDM2), which affects the stability of p53 (Fig. 5C ). Western blot analysis of cycloheximide-treated A549, AD32, and AD32 4E-BP1 indicates that p53 is more stable in AD32 (Fig. 5D ) and that overexpression of 4E-BP1 reverts the stability of p53 to A549 levels. Phosphorylation of p53 at Ser15, a marker of the DNA damage response (25) , was absent in A549 cells and strongly evident in AD32 cells (Fig. 5D ). This site became partially dephosphorylated upon re-expression of 4E-BP1, providing evidence for 4E-BP1 regulation of the p53-mediated DNA damage response in AD32 cells.
Discussion
We have demonstrated that disco-resistant AD32 cells have decreased levels of 4E-BP1 and that re-expression in these cells restores sensitivity to disco and increases proliferation rate. Since disco is a potent inducer of ACS, resensitization to the drug is accompanied by restoration of senescence. Finally, we show that restored sensitivity to disco can be recapitulated in vivo using a tumor xenograft model. Taken together, our data demonstrate that 4E-BP1 has an important role in disco-induced ACS.
4E-BP1 is a key factor that integrates several upstream signals that drive proliferation and subsequently malignant progression (18, 26) . The 4E-BP proteins, like S6, act as integrators for the various components of both PI3K and RAS signaling, although they are primarily characterized as downstream effectors of mTORC1. In support of this, we have previously demonstrated that multitargeted suppression of the RAS-PI3K signaling network by MEK inhibition in combination with rapamycin is synergistic in numerous cancer cell models. This mechanism is via potent suppression of cap-dependent translation and dephosphorylation of S6 and 4E-BP1 (27) .
Transcriptome profiling indicates that p53 signaling is involved in disco-induced senescence. Unlike other studies that have shown a relationship between increased p53 levels and cell senescence (28), we describe a cell line that, despite expressing increased basal levels of p53 and its targets p21 and HDM2, is able to escape ACS. This raises the intriguing possibility that loss of 4E-BP1 mediates escape from this proliferative arrest despite increased levels of p53, arguing that disco-induced ACS is more influenced by 4E-BP1 than by p53. Previous studies have shown that 4E-BP1 can modulate expression of p21 and HDM2 independently of p53 transcriptional regulation (29, 30 ). An alternative explanation to rationalize the survival of AD32 cells with high expression of p53 may be that p53 acts as a repressor of senescence, as has been recently proposed in a p21-driven model system (31) . In another study, it was shown that p53 can repress the senescence-associated secretory phenotype and that ablation of p53 function actually accelerates ACS (24) . Thus, it is possible that p53, although a hallmark of ACS, may not have a causative role in driving disco-induced ACS. This is in agreement with previous studies from our lab and others (1, 32) demonstrating that senescence can be induced in cells with knocked-out or mutant p53. Furthermore, p53 knockdown in A549 cells did not prevent disco-induced ACS, and knockdown of p53 in AD32 cells did not alter the proliferation rate or have an effect on disco sensitivity (Table 1) .
Using microarray analysis, we identified many mRNAs involved in disco-induced ACS. Interestingly, the transcripts identified are mostly involved in the DNA damage response, supporting a role for disco as a senescence inducer that is able to invoke the DNA damage response. We propose that AD32 cells survive by maintaining a system primed for DNA damage repair that is facilitated by the translation of specific subsets of mRNAs coupled with enhanced transcriptional activity of genes that regulate repair, with the overall net effect of permitting re-entry into the cell cycle. In support of this, it has been shown elsewhere that cells undergoing a DNA damage response after ionizing radiation translate specific subsets of mRNAs that enable repair (33) . When 4E-BP1 levels were ectopically restored in AD32, the proliferation rate increased, which is consistent with its recently proposed function as a regulator of cell proliferation and not cell size (18) , and rechallenging cells with disco caused senescence to recur. It seems likely that 4E-BP1, similarly to p53, integrates a milieu of physiological signals that control cell fate, suggesting multiple mechanisms that interface between translation and transcription are used by 4E-BP1 during cellular stress.
Although it has been firmly established that 4E-BP1 is an inhibitor of cap-dependent translation that is regulated via phosphorylation by mTORC1, there is still much more to learn about 4E-BP1. It has seven phosphorylation sites and may be regulated by various kinases in addition to mTORC1, such as Cdk1, PI3K, ERK1/2, and ATM/ ATR (34) (35) (36) (37) . In addition, the transcription of 4E-BP1 is controlled by various transcription factors, such as SMAD4 and ATF (38, 39) . Our data indicate a possible mTORC1-independent role for 4E-BP1 in regulating senescence.
Finally, these data and that of others challenge the dogma that senescence is an irreversible process (21, 40) . Although we cannot exclude that our AD32 cells originated from a population that bypassed disco-induced senescence, we consider this highly unlikely as cells were cloned at multiple steps throughout selection and the period required for AD32 cells to emerge was extremely long. We favor a model of escape from ACS that was brought about by additional genetic or epigenetic changes to a senescent cell that permitted re-entry to the cell cycle. This is supported by previous studies describing neosis, the emergence of drug-resistant neoplastic cells from a senescent population (41) . Our experimental data confirm a regulatory role for 4E-BP1 in overseeing restoration of proliferation. Consequently, senescence may be regarded only as a permanent state in the absence of further additional genetic alterations, which in the context of human tumors, is unlikely. This may rationalize why many human tumors that have activating mutations in oncogenes that cause senescence, such as RAF and RAS, continue to proliferate due to the accumulation of additional genetic lesions that permit escape from senescence.
Materials and Methods
Detailed methods are available in SI Materials and Methods.
A549 cells were purchased from the American Type Culture Collection. A549 and AD32 were cultured in RPMI medium 1640 (Invitrogen) containing 10% FBS. Stable overexpression of 4E-BP1 by lentiviral transduction was done by subcloning 4E-BP1 of pACTAG-2-4E-BP1 and pACTAG-2-4E-BP1 Thr37/46 Ala (gift of Nahum Sonenberg, Department of Biochemistry, McGill University, Montreal, QC, Canada) into pHAGE UbcRIG. Stable cell lines were FACS-sorted for GFP-positive cells. Stable sh4E-BP1, shControl, and shp53 knockdown cell lines were selected with 10 μg/mL puromycin after transduction.
